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ABSTRACT 
For  more  than a decade, Azotobacter vinelandii has  been  considered a polyploid  bacterium  on the 
basis  of  physical studies of  chromosome  size  and DNA content  per  cell.  However, as  described  in the 
present work, many genetic operations can be performed in A. vinelandii without the constraints 
expected in a polyploid  bacterium: (i) reversion of transposon-induced  mutations is usually  associated 
with loss of the transposable  element; (ii) revertants  retaining the transposon always carry  secondary 
transpositions; (iii) heterozygotic transconjugants and transformants are unstable and segregate 
homozygotic  colonies  even  in  the  absence  of  selection.  Physical  monitoring  of  segregation,  achieved 
by  colony hybridization,  indicates  that  phenotypic  expression of  an  allele is always correlated with its 
physical  presence,  thus  ruling  out  the  existence  of either threshold  dosage  requirements  or  transcrip- 
tionally  inactive DNA. Chromosomal lac fusions  constructed by double  crossover  with a linearized 
plasmid show a segregation  pattern  consistent with the  inheritance of one or several  chromosomes 
per daughter cell.  Analysis of the delay required  for the expression  of  recessive  chromosomal  mutations 
such  as rij nul and str provides further evidence  that A.  vinelandii is not a polyploid  bacterium. 
A ZOTOBACTER vinelandii is a soil-dwelling bacte- rium, widely known for its ability to fix nitrogen 
aerobically (ROBSON and POSTCATE 1980)  and  for  the 
presence of several alternative nitrogenase systems 
(BISHOP, JARLENSKI and HETHERINGTON 1980; CHIS- 
NELL, PREMAKUMAR and BISHOP 1988). Physical stud- 
ies of genome organization have suggested that A. 
vinelandii is a polyploid bacterium  containing 40-80 
chromosomes per cell (SADOFF, SHIMEL and ELLIS 
1979; NAGPAL et al. 1989), a genome redundancy 
which would make A. vinelandii unique in the eubac- 
terial  kingdom (KRAWIEC and RILEY  1990).  When the 
polyploidy of Azotobacter was first reported (SADOFF, 
SHIMEL and ELLIS 1979), it seemed  to  explain  a clas- 
sical problem  of Azotobacter genetics, namely the ina- 
bility of investigators to isolate mutants exhibiting 
auxotrophic  phenotypes  commonly  identified in other 
microorganisms. In a  bacterium  containing  40 or 
more chromosomes per cell, recessive mutants  should 
certainly  be elusive, because the  long segregation  re- 
quired for their formation would cause loss of the 
mutation by dilution  and recombinational  repair. 
However,  many  mutant  strains of A. vinelandii have 
been isolated which do exhibit the phenotype of a 
recessive mutation.  For  example,  strains  deficient in 
nitrogen  fixation (Nif)  were  first  described four dec- 
ades ago (WYSS and WYSS 1950); since then, many 
Nif mutants  have  been isolated by chemical, UV or 
transposon mutagenesis, and their isolation is rela- 
tively  easy (KENNEDY and TOUKDARIAN 1987). Other 
mutant types, including  several classes of auxotrophs, 
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are also available (KENNEDY et al. 1986; SANTERO et 
al. 1986; LUQUE et al. 1987; PHADNIS and DAS 1987; 
KENNEDY and TOUKDARIAN 1987; CONTRERAS and 
CASADESUS 1987; TOUKDARIAN et al. 1990; CON- 
TRERAS, MALDONADO and CASADESUS 199 1). The fact 
that certain types of auxotrophs have never been 
isolated, not even when directed selection and  enrich- 
ment  procedures are applied  (CONTRERAS and CASA- 
DESUS 1987; TOUKDARIAN et al. 1990), may have an 
explanation completely unrelated to genome struc- 
ture: A. vinelandii may be unable to  transport many 
amino acids into  the cell, thereby  turning  the  corre- 
sponding biosynthetic genes into essential genome 
components. This  explanation, first  suggested by ROB- 
ERTS and BRILL (1981), is supported by two common 
observations: (i) “tryptone” auxotrophs that do not 
grow with any single component of an  auxanography 
test are often isolated (KENNEDY and TOUKDARIAN 
1987; CONTRERAS and CASADESUS 1987; CONTRERAS, 
MALDONADO and CASADESUS 199 1); (ii) auxotrophs 
which can be  fed with short  oligopeptides  but  not with 
their single components have been proven to exist 
(KENNEDY et al. 1986; A. CONTRERAS and J. CASADE- 
sus, unpublished  data). 
Besides the ease of obtaining N i f ,  sugar  non-users 
and  other types of mutants, an independent observa- 
tion which argues against extreme polyploidy was 
provided by UV sensitivity studies: A. vinelandii is 
extremely sensitive to UV light and its dose-response 
curve does not correspond to that of a polyploid 
bacterium (TERZAGHI 1980). However, this kind of 
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evidence cannot  be  taken as conclusive, because single 
lethal events triggered by UV irradiation (e.g., pro- 
phage  induction, bacteriocin release, endonuclease 
activation) might be involved in the process. 
During the last decade,  the  introduction of transpo- 
son technology has provided further  arguments 
against polyploidy. Mutants induced by transposons 
Tn5 and  TnlO  are easily isolated and  the selection of 
their  dominant antibiotic-resistance markers facili- 
tates many genetic  operations (KENNEDY et al. 1986; 
PHADNIS and DAS 1987; KENNEDY and TOUKDARIAN 
1987;  CONTRERAS and CASADESUS 1987; TOUKDARIAN 
et al .  1990; BLANCO et al. 1990;  CONTRERAS, MALDON- 
ADO and CASADESUS 1991).  Of  particular  importance 
is the observation that  transposon  mutations are easily 
transferred  from  strain to strain and  that  the recom- 
binants usually are homozygotes which only express 
the  mutant allele (KENNEDY et al. 1986; CONTRERAS 
and CASADESUS 1987; TOUKDARIAN et al. 1990; CON- 
TRERAS, MALDONADO and CASADESUS 1991). If het- 
erozygotes are obtained, they are able to segregate 
homozygotic colonies of either parental type at ex- 
tremely high frequencies  (CONTRERAS and CASADESUS 
1987; TOUKDARIAN et al. 1990).  Another  observation 
is that transposon mutagenesis has not increased the 
variety of mutant types found. Such results support 
the hypothesis that certain mutant types cannot be 
isolated because of the existence of essential metabolic 
requirements.  In the last  few years, more  reports  on 
gene  transfer and strain  construction have provided 
additional evidence that, in many aspects, the genetics 
of Azotobacter resembles that of haploid bacteria 
(BLANCO et al. 1990; TOUKDARIAN et al. 1990). 
The contradiction between physical studies which 
suggest the existence of a polyploid genome (SADOFF, 
SHIMEL and ELLIS 1979)  and  the description of genetic 
procedures that do not exhibit the constraints ex- 
pected in a polyploid bacterium  (CONTRERAS and CAS- 
ADESUS 1987) is further explored in this paper. We 
describe experiments specifically devised to measure 
gene dosage in A. vinelandii and  the results strongly 
suggest that A. vinelandii is not  a polyploid bacterium. 
MATERIALS AND METHODS 
Bacterial strains: The  A. vinelandii strains cited in this 
study are listed in Table 1. All derive  from  either  the wild- 
type standard strain UW or its rifampicin-resistant  deriva- 
tive UW136,  both  obtained  from W. J. Brill, University of 
Wisconsin, Madison. Escherichia coli HB101 is an E. coli K- 
12 X E. coli B  hybrid  (BOYER and ROULLAND-DUSSOIX 1969). 
Plasmids and transposons: Plasmids were  routinely 
maintained in E. coli HB101. pRZ 102 (Km') is a ColEl 
derivative carrying T n 5  (ROTHSTEIN et al .  1980a).  pRZl3 1 
(Tc') is a pRZ102 derivative carrying  the tetracycline-resist- 
ant, non-transposing element Tn5-131 (ROTHSTEIN et a l .  
198Ob). pMOBglII-16 (Cmr Tc') is a pMOB45 derivative 
carrying the internal BglII fragment of transposon TnlO 
(DE LA TORRE et a l .  1984). pCU 101 is a Cm' Tra+ plasmid 
TABLE 1 
A. vinelandii strain list 
Strain Genotype Source' 
AS8 RifStr' 1 
AS1 1 Nal' This  study 
AS101 ade-Z::Tnj  Rif 2 
AS1 15 met-l : :Tnj  Rif 2 
AS 1  6 mtl-Z::Tnj R i f  2 
AS145 ade-Z::TnZOHH104 Ri f  3 
AS151 gal-Z::TnIO  (Rha- Gal-) Rif' 3 
AS152 mtl-2::TnZO Rif' 3 
AS 19  1 cys-7::Tnj R i f  2 
AS204 uraZ::TnS-Mob Ri f  4 
AS192 mtl-Z::Tnj-131 RIP This  study 
a 1, E. SANTERO, Universidad de  Sevilla, Spain; 2, CONTRERAS, 
MALDONADO and CASADESUS (1991); 3,  CONTRERAS and CASADESUS 
(1 987); 4, BLANCO et al. (1 990). 
that cannot replicate in A. vinelandii (SELVARAJ and IYER 
1983); ColEl-derived plasmids are efficiently mobilized into 
A. vinelandii by pCU 101 (CONTRERAS, MALDONADO and 
CASADESUS 1991). pJB3JI is a Kms derivative of the IncP 
plasmid R68.45  (BREWIN, BERINGER and JOHNSTON 1980). 
pIZ25 is a Tc" derivative of plasmid pJB3J1, isolated after 
diethylsulfate  mutagenesis  (R. MALDONADO and J. CASADE- 
SUS, unpublished). pIZ52 is a pUC19 derivative  carrying the 
internal  HindIII  fragment of TnlO; this fragment contains 
the tetracycline resistance gene.  pIZ53 is a pUC19 derivative 
carrying the internal HindIII fragment of Tn5; this frag- 
ment contains the kanamycin resistance gene. Both pIZ52 
and  pIZ53 were constructed  for this study; the prefix  pIZ 
has been registered  at  the Plasmid Reference Center, Stan- 
ford University (LEDERBERG 1986).  pUC19 (Ap' LacIZ(a)+) 
is a pBR322-Ml3mp19 hybrid (YANISCH-PERRON, VIEIRA 
and MESSING 1985). pDB154 is a pKT230 derivative con- 
taining a nijF::lac fusion (BENNETT, JACOBSON and DEAN 
1988).  Tn5-Mob is a  transposition-proficient Tn5  derivative 
containing the mob region of plasmid RP4 (SIMON 1984). 
TnlOHH  104 is a  "high-hopper''  derivative of TnlO (FOSTER 
et al. 198 1). 
Chemicals, culture media and growth conditions: Re- 
striction enzymes were  purchased from Boehringer Mann- 
heim,  Pharmacia and New England Biolabs. ["PIdATP was 
from Nuclear IbPrica. Chloramphenicol, kanamycin, tetra- 
cycline, rifampicin and nalidixic acid were all from Sigma 
Chemical Co. Growth  conditions and antibiotic concentra- 
tions were as previously described (CONTRERAS and CASA- 
DEWS 1987). Minimal medium for A. vinelandii was Burk 
nitrogen-free  medium,  prepared  according  to GUERRERO et 
al .  1973).  Carbon sources other  than sucrose were used at 
a final concentration of 5 g/liter. BSNB is Burk medium 
supplemented with 1 g/liter ammonium acetate, 5 g/liter 
tryptone  and 2.5  g/liter yeast extract. Solid media (minimal 
and BSNA) were prepared with 15 g/liter of Difco agar. 5- 
Bromo-4-chloro-3-indolyl-~-~-galactoside (henceforth, "X- 
gal") was purchased from Bethesda Research Laboratories 
and used as described by BENNETT, JACOBSON and DEAN 
(1  988). 
Matings: Intergeneric matings E. coli X A. vinelandii were 
carried  out by sucking the  donor  and  the recipient  strains 
onto  the surface of a Millipore filter (0.2-pm pore size). The 
filters were placed on BSNA plates and  the matings were 
allowed to proceed overnight.  After conjugation, the mating 
mixtures were  resuspended in BSNB containing at least lo9 
plaque-forming units of phage T4D (provided by E. P. 
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GEIDUSCHEK, University of California, San Diego) and in- 
cubated 3-4 hr with shaking before plating on selective 
medium. A similar procedure was used for A. uinelandii 
intraspecific  matings, except that longer mating  times  were 
allowed (24 h) and T4D selection was omitted [for details, 
see CONTRERAS and CASADESUS (1987) and CONTRERAS, 
MALWNAW and CASADESUS (1 991)]. 
Transposon  replacements: Substitution of  wild-type Tn5 
by Tn5-Tet was achieved in triparental matings involving 
E.  coli HB101/pCU101, E. coli HBlOl/pRZlSl and the 
corresponding A. uinelandii strain where the substitution 
was to be performed. Mating  conditions and selection pro- 
cedures were  as  described  elsewhere (CONTRERAS, MALDON- 
ADO and CASADESUS 199 1). 
Transformation of A. vinelandii: Competent cells  were 
prepared according to  PAGE  and VON TICERSTROM (1 979). 
Preparation of crude DNA extracts and transformation 
followed the procedures previously  described (CONTRERAS 
and CASADESUS 1987). 
Isolation, purification and digestion of A. vinelandii 
DNA We followed the procedures described by CONTRERAS 
and CASADESUS (1987). Genomic DNA preparations for 
hybridization  were  digested with restriction endonucleases 
EcoRI,  BamHI, BglII, HindIII or Sal1 before electrophoresis 
and Southern transfer. EcoRI has a unique restriction site 
in TnlO  and  TnlOHH104 (FOSTER et al. 1981; CONTRERAS 
and CASADESUS 1987); BamHI has a unique restriction site 
in Tn5 (ROTHSTEIN et al. 1980b). Thus  TnlO and 
TnlOHH104 insertions  digested with  EcoRI and Tn5 inser- 
tions  digested with  BamHI will appear as  two hybridization 
bands in Southern hybridization experiments with either 
pMOBglII-16 or pRZ102 as probes. In BglII-digested ge- 
nomic  DNAs containing either TnlO  or Tn5-13 l ,  hybridi- 
zation  against the internal Hind111 fragment of TnlO gen- 
erates two bands for TnlO and one band for Tn5-131 
(FOSTER et al. 198 1; ROTHSTEIN et al. 1980b; CONTRERAS 
and CASADESUS 1987). A single band is also expected in 
HindIIIdigested genomic DNAs containing Tn5 or  Tn5- 
Mob  when hybridized  against he internal HindIII fragment 
of Tn5 (ROTHSTEIN et al. 1980b; SIMON 1984). 
Plasmid DNA isolation: The alkalyne lysis method was 
used both for minipreparations and large-scale  isolation of 
plasmid (MANIATIS,  FRITSCH and SAMBROOK 1982). Ampli- 
fication was achieved as  follows: a 50-ml culture, grown  to 
full  density in  selective broth (LB supplemented with tetra- 
cyline or kanamycin), was  used to inoculate 1.5 liter of the 
same  medium.  When the new culture reached an ODs9,,  of 
0.5, 250  pg  of  chloramphenicol  were added and incubation 
was continued overnight. 
DNA electrophoresis: Type I agarose (Sigma)  gels  were 
prepared in Tris-acetate buffer. Ethidium bromide (final 
concentration, 2 mg/liter) was  used to stain DNA bands in 
gels. A Kodak Tri-X film  was used for photographs. 
Southern  transfer  and  hybridization: We followed the 
gel transfer and hybridization procedures of SOUTHERN 
(1 975), under the conditions described by CONTRERAS and 
CASADESUS (1 987). For autoradiography, a Du Pont Cronex 
intensifying screen and a Valca AFW polyester film were 
used. 
Colony  hybridization: All experiments were carried out 
with medium-sized colonial patches, resulting from 2-day 
incubation on Millipore nitrocellulose filters placed upon 
the appropriate plates. Hybridization followed the proce- 
dures of HANAHAN and MESELSON (1 980). 
Nitrosoguanidine  mutagenesis: Exponential cultures in 
BSNB, containing 5 X lo7 to 1 Os cells/ml  were centrifuged, 
washed with cold Tris-maleate buffer, pH 6.8, and resus- 
pended in a solution of N-methyl-N’-nitro-N-nitrosoguani- 
dine (Aldrich), made  in the same  Tris-maleate buffer. The 
final concentration of nitrosoguanidine was 5’ mg/liter. 
After a 30-min  incubation at  35” without  shaking, cells  were 
centrifuged and washed  twice  with  cold Tris-maleate buffer. 
Survivors  were  outgrown in  BSNB. 
RESULTS 
Reversion  analysis of transposon-induced muta- 
tions: Reversion analysis was based on  the following 
rationale: in a polyploid bacterium, reversion must 
occur in the  presence  of  the  mutant allele, thus giving 
rise to heterozygotic isolates. A corollary is that  such 
heterozygotes  can be expected  to be stable  only if the 
number of chromosomal copies is high. On these 
grounds, we analyzed the ability of  insertion  mutants 
to revert and then scored the maintenance of the 
mutant allele  in the  revertant colonies. Whenever  the 
mutant allele proved  to be present, we determined  its 
fate  upon  segregation by single-colony isolation. In a 
number of cases, physical analysis (Southern  hybridi- 
zation  with  a  transposon probe) was required  to distin- 
guish  putative  heterozygotic  strains  from isolates  car- 
rying second-site  insertions,  as described by CON- 
TRERAS and CASADESUS (1 987). 
Strains AS115, AS145, AS152 and AS191 were 
chosen for reversion  studies  because  each  bears  only 
one insertion  of  either TnlO or Tn5 (CONTRERAS and 
CASADESUS 1987; CONTRERAS, MALDONAW and CAS- 
ADESUS 1991). Reversion  data  can be summarized  as 
follows: 
I: The  four  mutants  were  able to revert,  as detected 
by colony formation  on  minimal plates.  If the  mutants 
were  grown nonselectively  (in BSNB) before  plating, 
the frequencies of revertants varied within a range 
over 200-fold; these  jackpots  presumably  reflect  ran- 
dom  accumulation  of  revertants  in  the liquid culture 
(ie., Luria-Delbriick fluctuation). Replica-printing of 
the  revertants  to  antibiotic  plates  revealed  that  some 
colonies were antibiotic-resistant while others were 
antibiotic-sensitive. The  proportion of  each  type 
largely  varied (25-95%) from  one  experiment  to  an- 
other  and  from  strain to strain  as well. 
II: When  reversion was forced  to  occur  on  the  plate 
by plating  cultures  grown selectively in  antibiotic 
BSNB, the  frequencies  of  reversion  (per cell plated) 
were  estimated  around 1 0-6 for  strain AS145, 10” 
for AS115 and AS152 and lo-* for AS191. When 
these  revertants  were  directly  replica-printed  to  anti- 
biotic medium, >95% proved  to be antibiotic-resist- 
ant, suggesting  that  they  were  heterozygotes or had 
formed  mixed colonies on  the reversion  agar. Micro- 
scopic observation  of  cultures  grown in BSNB indi- 
cated  that cell duplexes  occurred  at a frequency  of 2- 
3% and  aggregates  containing  more  than  two cells a t  
frequencies below 1%; thus  the possibility that  some 
revertant colonies  might  have originated  from  more 
than  one cell cannot be ruled  out.  However  antibiotic- 
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FIGURE 1 .-Autoradiography of hybridizations between EcoRI- 
digested  genomic  DNAs and nick-translated plasmid pMOBglll-16; 
every TnZOHH104 insertion appears as two bands. Lanes are as 
follows: (1) Mutant AS145. (2) A derivative of AS145 that only 
generates  Ade+ Tc' revertants; Southern hybridization shows that 
it  carries a secondary TnlOHH104 transposition. (3, 4, 5 and 6) 
Independent  Ade+ Tc' revertants of AS145, all lacking 
TnlOHH  104 sequences. (7 ,8 ,9 ,  and  10) Stable Ade+Tc' revertants 
of AS145 isolated by repeated subculture under double selection; 
all carry one or more secondary TnZOHH104 insertions. Isolates 
on lanes 7 and 8 are not necessarily independent. (1 1) Parental 
strain UW 136. (1 2) Standard, wild-type strain U W. 
sensitive revertants (1-596) were also found. This 
result is important because it suggests that  the  rever- 
tant colony originated from a single cell containing 
only one chromosome. 
ZZZ: When antibiotic-resistant revertants were 
streaked on minimal plates, a high proportion (50- 
99%) of the single colonies obtained proved to be 
antibiotic-sensitive. In turn, upon colony isolation on 
antibiotic BSNA, 10-3096 of the antibiotic-resistant 
colonies were auxotrophic. These results confirmed 
that  the antibiotic-resistant revertants were either  het- 
erozygotic or had  formed mixed colonies. More im- 
portant, it showed that  stable isolates of either  paren- 
tal type arise at extremely high frequencies  after sin- 
gle-colony isolation. In other words, if heterozygotic 
revertants exist, they must be unstable. 
ZV: Antibiotic-resistant revertants  that  never segre- 
gate antibiotic-sensitive colonies were also isolated. 
This fraction was rather constant  for every strain: 5- 
10%  for AS1 15, I-3% for  AS145,7-14%  for AS152 
and 8-28% for AS191. Revertants of this class  always 
carried  one or more  secondary "hops" of the  transpo- 
son (see examples for AS145 in Figure 1). Further- 
more, isolates that  never  generate antibiotic-sensitive 
revertants were easily isolated upon repeated subcul- 
ture on media exerting double selection (minimal 
medium supplemented with the appropriate antibi- 
otic); such isolates  always carried secondary transpo- 
son insertions (see examples for AS145 in Figure 1). 
These results indicate that, if heterozygotes  exist, they 
are unstable even when both alleles are simultaneously 
selected. 
The overall conclusion from these experiments is 
that, if A.  vinelandii heterozygotic revertants exist, 
they must have a  transient existence during  the rever- 
sion process. Our experiments would not distinguish 
between the formation of an heterozygotic strain  and 
that of a mixed colony. However, because the actual 
result is that every isolate expressing the two alleles is 
unstable, we are forced  to conclude that A .  vinelandii 
revertants do not behave as polyploid bacteria with 
40-80 chromosomes capable of replication and inde- 
pendent partition to  the  daughter cells. 
Segregation of heterozygotic transformants: 
Transformation with chromosomal DNA provides an 
independent  approach  for  the study of heterozygotes. 
Because transformants are assumed to originate by 
recombination of one copy of the incoming allele, 
heterozygotes must necessarily form in a polyploid 
bacterium, at least  in the initial stages of the process 
(CONTRERAS and CASADESUS 1987; CONTRERAS, MAL- 
DONADO and CASADESUS 199 1). Thus  the fate of these 
heterozygotes can be analyzed by segregation analysis. 
I f  transposon insertions are used, transfer can be 
scored in two directions: (I) transformation of tran- 
sposon-induced mutants with wild-type DNA, select- 
ing for prototrophic growth; (11) transformation of 
the wild-type with DNA from a transposon-induced 
mutant, selecting for  the antibiotic resistance encoded 
by the transposon. Process I1 offers the additional 
advantage of preventing the formation of mixed col- 
onies, since the antibiotic-resistance markers of TnlO 
and Tn5 are dominant and  do not  code for extracel- 
lular enzymes. 
Strains with low reversion frequencies (AS1 16, 
AS1 5 1 and AS192 and AS204, all reverting  at  fre- 
quencies below 1 O-') were chosen for  transformation 
experiments; spontaneous Tc' or Km' mutants are not 
found in A.  vinelandii. Transformants always ap- 
peared at frequencies above (per recipient bac- 
terium). When selection was carried ou t  only for  the 
incoming marker, replica-printing showed that  >90% 
of the  transformants were homozygotes that did not 
express the  resident allele. However, when selection 
for both the incoming and the resident allele was 
carried out, all the transformants were heterozygotic 
(or mixed colonies) as indicated by the following ob- 
servations: (1) 100% of the prototrophic transform- 
ants  generated by process I were able  to grow when 
replica-printed to antibiotic medium; (2)  100% of the 
antibiotic-resistant transformants  generated by proc- 
ess  I1 were able to grow when replica-printed to plates 
selecting for wild-type growth. An additional obser- 
vation was that  he  percentages of transformants 
which express both alleles were not higher in process 
I than in process 11, thereby suggesting that  the for- 
mation of mixed colonies occurred at low frequency. 
Thus, most transformants obtained by double selec- 
tion must be true heterozygotes. 
When these heterozygotic transformants were 
streaked  on plates exerting single selection, fast seg- 
regation was observed. Streaking  on plates selecting 
for wild-type growth allowed the recovery of antibi- 
otic-sensitive prototrophs at high frequencies (86- 
100%); selection on antibiotic plates led to  the isola- 
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tion of homozygotes for  the  mutant allele at similar, 
high  frequencies  (90-97%).  Segregation  occurred 
about as fast in either direction. All homozygotic 
colonies proved to be completely stable. This segre- 
gation of heterozygotes  towards  either  parental type 
is similar to  the coinheritance of mutually exclusive 
alleles in strains  carrying  duplications of chromosomal 
regions (ANDERSON and ROTH 1977). However, two 
lines of evidence  indicate that  our system deals with 
true heterozygotes rather  than with isolates carrying 
discrete chromosomal duplications: (i) coinheritance 
is observed  for all pairs of mutually exclusive markers 
studied. (ii) Selection of any pair of mutually exclusive 
alleles does  not  result in lowered  transformation  fre- 
quencies (compared to selection of only the incoming 
marker). Thus,  under  double selection, two or more 
copies of every chromosomal  marker must coexist in 
the cell following the transformation  event; in other 
words, A.  vinelandii transformants must be diploid or 
polyploid. 
Heterozygotic isolates of A. vinelandii harboring  a 
pair of mutually exclusive alleles can be transiently 
maintained under  double selection (e.g., by growing 
the strain in minimal medium  supplemented with the 
corresponding antibiotic). However, in the long run 
double selection results in secondary transposition 
events. An attempt to avoid this problem with the use 
of defective transposons failed because double selec- 
tion turned  out  to allow the detection of rare “hops” 
of the low-transposing element Tn5-13 1 (data not 
shown; see also CONTRERAS, MALDONADO and CASA- 
DESUS 1991). In  the absence of selection (achieved by 
streaking the heterozygotic transformants on BSNA 
plates without antibiotic), fast segregation was also 
observed, always towards  protoprophy, with concom- 
itant loss of the transposon. Rare transconjugants  that 
did  not  segregate antibiotic-sensitive colonies always 
contained  a  secondary “hop” of the transposon  (data 
not shown). 
Again, these  results do not fit in the framework of 
polyploidy. In a bacterium containing 40-80 chro- 
mosomes capable of replication and  independent par- 
tition,  heterozygotic  transformants would be  expected 
to  be relatively stable, at least under  double selection. 
Instead, homozygotes are isolated even in the absence 
of selection. It might  be argued  that selection could 
occur in rich media, since A. vinelandii transports 
inefficiently many nutrients into the cell (ROBERTS 
and BRILL 1981; KENNEDY et al. 1986; TOUKDARIAN 
et al. 1990).  However,  heterozygote instability is also 
observed  for  markers involving mannitol and  rham- 
nose utilization, where transport problems are not 
known to occur. Furthermore, fast segregation is also 
observed among heterozygotes carrying allelic tran- 
sposon insertions of Tn5 Km‘ and  Tn5-  13 1 Tc’ (see 
below). 
Segregation of heterozygotic  transconjugants: T o  
rule out the possibility that transient heterozygosis 
might be  a peculiar feature associated to transforma- 
tion (i .e. ,  dependent  upon decrease of chromosomal 
copy number in competent cells), conjugal mobiliza- 
tion of chromosomal markers was carried  out.  Chro- 
mosomal transfer mediated by plasmids pJB3JI and 
pIZ25  occurred at frequencies  ranging  from loT6 to 
1 0-5 (Table 2). Transconjugants  obtained  under  dou- 
ble selection also proved to be  heterozygotes capable 
of fast segregation,  thus  indicating  that unstable het- 
erozygotes appear irrespectively of the  gene  transfer 
method employed. 
A similar situation was found in transposon substi- 
tutions, for instance when a chromosomal wild-type 
Tn5 (Km‘)  was replaced by Tn5-13 1 (Tc‘)  by homol- 
ogous recombination at  the flanking IS50 sequences. 
These experiments involved three-parental crosses E. 
coli X A.  vinelandii, as described by CONTRERAS, MAL- 
DONADO and CASADESUS (1991). A plasmid-borne 
Tn5-13 1 is introduced  into  an A. vinelandii recipient 
containing  a chromosomal Tn5 insertion; the vector 
containing Tn5-13 1  cannot replicate in A. vinelandii, 
but its transient presence allows recombination be- 
tween the incoming and  the resident Tn5 elements. 
Tc‘ transconjugants were usually Km’. Selection of 
transconjugants resistant to both kanamycin and tet- 
racycline allowed the isolation of heterozygotes. How- 
ever, these Tc‘ Km‘ transconjugants  segregated  into 
Tc‘ Km’ or Tcs Km’ at frequencies of 50-99%  after 
streaking for single-colony isolation on antibiotic 
plates; non-segregating colonies usually carried sec- 
ondary  “hops” of one of the elements  (data  not shown; 
see also CONTRERAS, MALDONAD~ and CASADESUS 
1991). In  other words, heterozygotes made of tran- 
sposon insertions showed a  segregation behavior sim- 
ilar to that of heterozygotes carrying the wild-type 
allele and a transposon insertion. When segregation 
was carried  out in the absence of selection, about  99% 
of the segregants were either Km‘ or Tc’ and the 
minoritary Km‘ Tc’ colonies carried,  again, secondary 
transpositions (data not shown). Km’ Tcs segregants 
usually outnumbered Tc‘ Km’ segregants by a  factor 
of 3-4. Although the basis of this bias is unknown, 
one tentative  explanation is that  the bleomycin-resist- 
ance gene of Tn5, present in the wild-type element 
but  not in Tn5-131, might confer  a selective advan- 
tage to its host (BLOT, MEYER and ARBER 199 1). 
Physical  monitoring of segregation: The simplest 
hypothesis to explain the difficulty in maintaining 
heterozygotes in the absence of double selection and 
the accumulation of secondary “hops” when double 
selection is exerted is that gene dosage is low. How 
can this idea be conciliated with the existence or 40 
or 80 chromosomes per cell? One possible explanation 
would be that a critical gene dosage is needed for 
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TABLE 2 
Segregation  analysis in A. vinelandii transconjugants 
Percent of homozygotic colonies 
(for the incoming allele? 
Selected 
Donor Recipient markers' transconjugants 1 cycle 2 cycles 3 cycles 
Frequency of 
UWIpJB3JI AS1 16 Mtl' Km' 3 x 82 100 NTd 
UW/pJB3JI AS191 Cys'  Km' 7 x 94 100 NT 
UW/pIZ25 AS101 Ade'  Km' 10-5 74 99 100 
AS145/pIZ25 AS8 Ade' Tc' 3 x 89 100 NT 
a In addition, the plates contained either rifampicin or streptomycin to counterselect the  donor. The phenotype written in first place is 
that  conferred by the incoming allele. 
Per recipient bacterium. 
Homozygotic colonies: those lacking the phenotype conferred by the unselected allele. The percentages given are averages of three  to 
four independent conjugation experiments. Every segregation cycle  involves  colony isolation selecting only one allele (which,  in the examples 
shown, was  always the incoming allele) and replica-printing for the detection of the unselected allele. 
Not tested. 
phenotypic expression. Namely, alleles would be silent 
until the  threshold  dosage is attained. An alternative 
possibility is that A. vinelandii contains  a  large  number 
of chromosomes per cell but only a fraction were 
phenotypically expressed. Both hypotheses can be 
tested by DNA hybridization, to ascertain  whether the 
homozygote-like segregants  obtained by reversion or 
gene  transfer still contain the two alleles albeit only 
one is expressed. Two types of hybridization experi- 
ments were carried  out, as described below. 
Southern hybridization of fresh homozygotic segregants: 
Antibiotic-sensitive segregants (derived from proto- 
trophic, antibiotic-resistant transformants of strains 
AS 15  1, AS 192, AS204 and AS 1  16) were isolated by 
streaking on minimal (or mannitol) plates. Genomic 
DNAs from  these  fresh (just segregated) homozygotes 
were hybridized against the transposon resistance 
genes of either Tn5  or  TnlO.  In all  cases the resistance 
gene was found to be absent from the segregants, 
indicating that they were true homozygotes and did 
not  carry the transposon-tagged allele (data  not 
shown). 
Colony hybridization: One possible objection to  the 
experiment  described  above is that chromosomal 
DNA was isolated from selectively grown  cultures of 
the antibiotic-sensitive segregants; thus massive seg- 
regation of prototrophs  might have occurred in the 
liquid cultures. T o  rule out this possibility, colony 
hybridization experiments (where alleles can segre- 
gate  but  not  disappear) were carried  out  to simulta- 
neously monitor the physical presence of a transposon- 
tagged allele and the phenotypic expression of its 
antibiotic resistance. A diagram showing both the 
strategy used and  the results obtained is presented in 
Figure 2. Eighty Rha+  transformants  from AS1 5  1 and 
80 Ura+ transformants from AS204 were used for 
these experiments. Each transformant colony was 
transferred to four nitrocellulose filters and these 
were placed upon four types of plates which exerted 
selection for  both alleles, neither allele, or only one 
allele. All the colonies grew on plates selecting for 
prototrophy  and on (nonselective) BSNA  as well, but 
only a  fraction of colonies grew on antibiotic plates. 
When the colonies were lysed and hybridized against 
the transposon-resistance gene, hybridization was only 
found in colonies which expressed the antibiotic-re- 
sistant phenotype. In other words, a strict correlation 
between DNA hybridization and gene expression was 
found. This result is an important one because it 
indicates that whenever an allele was physically de- 
tected the colony showed the corresponding  pheno- 
type. Thus  the existence of either  threshold dosage 
requirements or phenotypically silent DNA, which 
might conciliate a low functional dosage with the 
existence of 40-80 chromosomes, seems unlikely. 
Segregation of nifF::Zac fusions: Plasmid pDB 154 
contains the E.  coli lacZ gene flanked on both sides by 
portions of the A. vinelandii nijF gene (BENNETT, 
JACOBSON and DEAN  1988).  In  a previous study, 
pDBl54 was used in transformation experiments to 
incorporate  the lacZ gene  into  the A. vinelandii chro- 
mosome such that its expression was placed under  the 
control of the nzjF regulatory elements. The nzjF gene 
is expressed under  both nitrogen-fixing and non-ni- 
trogen fixing conditions and is not  required  for dia- 
zotrophic  growth  (BENNETT, JACOBSON and DEAN 
1988). Because A. vinelandii does  not have any endog- 
enous P-galactosidase activity, use  of  plasmid pDBl54 
provided  a  convenient way to visually monitor segre- 
gation of the nzjF::lacZ fusion in A.  vinelandii following 
transformation and homologous recombination. 
pDBl54 was linearized by restriction enzyme diges- 
tion and used to transform competent cells of A.  
vinelandii. Linearization of  plasmid DNA was done  to 
ensure  that homologous recombination  occurred only 
through  double crossover (and  not via a single cross- 
over which would result in chromosomal duplication 
of the cloned portions of the A. vinelandii chromo- 
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COLONY  HYBRIDIZATION USING THE  TRANSPOSON  ANTIBIOTIC  RESISTANCE 
GENE AS A  PROBE 
some). Following transformation, cells were immedi- 
ately plated on minimal medium containing X-gal. 
Transformants which had  incorporated  the E. coli 
lac2 gene were easily recognized by their  blue color. 
Close inspection of the blue colonies revealed that 
most  of them were sectored, showing either  a 50:50% 
blue:white sectoring  pattern or a 25:75% blue:white 
sectoring  pattern. All sectors showed the same inten- 
sity  of blue color. Individual colonies were then picked 
and spread on fresh minimal plates containing X-gal. 
The individual colonies that  arose at this stage of the 
experiment were either  entirely  blue or entirely white, 
with the relative abundance of the colony types re- 
flecting the original  sectoring of the parental colony. 
Moreover, all blue colonies exhibited the same inten- 
sity of blue color. Subculturing of individual blue 
colonies or individual white colonies identified at this 
stage showed that their respective phenotypes were 
completely stable. That is, blue colonies did  not seg- 
regate white colonies nor did white colonies segregate 
blue colonies. The results of these simple experiments 
FIGURE 2.-A summary of colony  hy- 
bridi~ation experiments. An insertion 
mutant was transformed with wild-type 
DNA and prototrophic transformants 
were selected. Eighty transformant colo- 
nies from each  cross were transferred to 
nitrocellulose filters; each colony was 
transferred to four filters and these were 
placed upon four types of plates, exerting 
selection for one allele (plates 2  and 3). 
double selection (plate 1) or no selection 
(plate 4). All transformants grew on me- 
dium selecting for  prototrophic growth 
and on nonselective plates, but only some 
formed colonies on antibiotic media  (ex- 
erting  either single or double selection). 
None of the antibiotic-sensitive colonies 
hybridized against the transposon probe. 
The colony that grows on plates 2 . 3  and 
4 (but not on 1) is likely to derive from a 
mixed or heterozygotic transformant col- 
ony which underwent segregation upon 
toothpick transfer. This is a minoritary 
type of transformant (about 1 per 80 
colonies); its existence is only mentioned 
because it serves as an internal control 
for the experiment. 
are what is expected  from cells having one or several 
chromosomes. 
Expression of recessive  mutations: In A. vinelandii, 
spontaneous  mutations causing resistance to rifampi- 
cin and nalidixic acid occur at very low frequencies. 
Streptomycin-resistant mutants of spontaneous origin 
are not  found. All these  mutations can be induced by 
nitrosoguanidine. As a test for functional gene dosage, 
we determined  the  number of generations  required 
for  the expression of these recessive mutations after 
nitrosoguanidine mutagenesis of strain UW. One typ- 
ical experiment is depicted in Figure 3: Rif mutants 
appeared  after 2 generations of outgrowth, whereas 
appearance of Nal' mutants  required 4 generations. 
In  independent  experiments, significant variation was 
found in the absolute numbers of mutants, but the 
expression of rifmutations  never  required  more than 
2-3 generations and  that of nul mutations never more 
than 5-6 generations. 
Streptomycin-resistant mutants were invariably rare 
and  required >10 generations of outgrowth. Because 
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l 2  I 
FIGURE 3.-Appearance of rifampicin- 
and nalidixic-resistant mutants after nitro- 
soguanidine mutagenesis. Since the muta- 
genized culture contains a substantial 
amount of dead cells, generation times are 
not referred to doubling optical densities 
but to colony-forming units (c.f.u.). The 
starting culture contained lo5 viable Azo- 
tobacter cells per ml. Aliquots were period- 
ically plated on antibiotic BSNA; at the same 
time, aliquots were extracted and diluted 
for c.f.u. counts. 
0 5 10 15 
Generations 
6-8 generations are required (after mutagenesis) to 
express str mutations in enteric bacteria (data not 
shown), 10-1 2 generations are still a  “short”  time  to 
express an extremely recessive mutation in a highly 
polyploid bacterium. Thus we suggest that A.  vinelan- 
dii may have a ploidy level slightly higher  than E.  coli 
or S. typhimurium, but  the  number of active chromo- 
somes must be much lower than 40 or 80. The success 
in isolating Str‘ at all  is,  in fact,  good  evidence against 
the existence of extreme polyploidy in A.  vinelandii. 
One might still argue  that early expression of these 
mutations might be facilitated by massive destruction 
of chromosomal copies during mutagenesis. T o  rule 
out this possibility, we determined the number of 
generations  required  for the expression of str, nul and 
riJ mutations  after  transformation.  Donors were 
strains AS8 and AS1 1 ; recipient was strain UW. The 
transforming  mixtures (50- 100 PI competent cells and 
30-60 Pg crude DNA extract) were mixed and spread 
over  a small area of nonselective agar; 2-5 ml  BSNB 
were also added. Aliquots were periodically extracted 
and plated on selective plates; the same aliquots were 
used for plate counts. The results were similar to 
those reported above: nul and riJ mutations were 
expressed after 2-6 generations of outgrowth, while 
str mutations required a longer expression period 
(around 10 generations). These  data provide further 
support  for the existence of  low gene dosage. 
DISCUSSION 
The controversy raised by CONTRERAS and CASA- 
DEWS (1987) indicating that A. vinelandii does not 
behave as a polyploid bacterium in many genetic 
operations is further explored in this paper. Gene 
dosage estimations are  inferred  from segregation 
analysis in several types of heterozygotic isolates. Het- 
erozygotes are genetically identified as isolates har- 
20 25 
boring a pair of mutually exclusive alleles; they are 
easily obtained using transposon insertions, since these 
provide  a  dominant  phenotype  on antibiotic medium. 
An additional  advantage of transposon-tagged alleles 
is that they can be physically detected by DNA hy- 
bridization. 
The basic assumption is that, in a polyploid bacte- 
rium, heterozygosis is an obligate step in every process 
of reversion or recombination;  thus heterozygotes can 
be expected to be common and relatively stable, at 
least under  double selection. However, our observa- 
tions for A. vinelandii do not  support this assumption: 
(i) when reversion of a transposon-induced mutation 
is forced to occur on  the  plate, many revertants are 
heterozygotic or had  formed mixed colonies, but all 
are unstable and  undergo fast segregation toward  the 
parental type selected; (ii) segregation, mostly towards 
prototrophy, occurs even in the absence of selection; 
(iii) double selection transiently maintains the  heter- 
ozygotic isolates, but strongly favors the  detection of 
secondary  “hops”; (iv) recombinants  generated by ge- 
netic transfer are mostly homozygotic, unless double 
selection is applied; (iv) under  double selection, gene 
transfer yields heterozygotic recombinants  but these 
are, again, unstable. Thus the overall conclusion is 
that A. vinelandii behaves as an haploid or moderately 
polyploid bacterium and does not seem to contain 
>40 active chromosomes per cell. 
Recessive mutations which confer  a selectable phe- 
notype  provide an independent  approach  for  the 
study of gene dosage. Expression of mutations such 
as str, nul and riJ require the turnover of proteins 
belonging to the transcription/translation apparatus 
before being expressed;  thus  the  number of genera- 
tions required for their expression must be always 
higher  than  the  average  number of chromosomes  per 
cell. Our data  indicate  that expression of these muta- 
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tions in A. vinelandii requires a rather short out- 
growth; these results are thus consistent with the 
segregation  data  found for  dominant  mutations, since 
they indicate that heterozygotes Str'/Strs and  Rif  /Rip 
are unstable. 
Segregation  experiments  carried out with nzfF::lacZ 
fusions provide  a  direct visualization of heterozygote 
instability. The segregation pattern of such fusions is 
that  expected  from cells containing  a low number of 
chromosomes. Namely, following fusion formation by 
a double recombination event and subsequent cell 
division, a single chromosome  containing the 
nifF::lacZ fusion is partitioned into a daughter cell. 
Moreover, the pattern of segregation is entirely in- 
compatible with the presence of a large number of 
active chromosomes,  a  situation which would result in 
a  much  more complex segregation  pattern. Also, be- 
cause there is no apparent selective advantage or 
disadvantage  for the presence of the nzfF::lacZ fusion, 
its copy number in transformed cells should  be vari- 
able if there  are  indeed 40-80 chromosomes  per cell. 
However, there is no recognizable variability in the 
intensity of blue  color in transformed cells. 
How to reconcile the genetic  evidence  that A.  vine- 
landii has a low gene  dosage with the proposed exist- 
ence of 40 or  more chromosomes? One can  consider 
the possibility that the A.  vinelandii genome might 
indeed contain >40 chromosomal copies but only 
some of them were expressed. Lack of expression 
might be caused by threshold gene dosage require- 
ments or by the existence of transcriptionally inactive 
DNA,  perhaps in a similar fashion to  the non-comple- 
menting diploids of Bacillus subtilis (HOTCHKISS and 
GABOR 1980).  However, this possibility was ruled  out 
by Southern  hybridization, because a  strict  correlation 
between the presence of an allele and its phenotypic 
expression was found in  all  cases;  in other words, all 
the homozygote-like colonies derived  from heterozy- 
gotic transformants were true segregants which lacked 
the unexpressed allele. Even more compelling are  the 
results provided by colony hybridization experiments, 
where physical and genetic segregation are simulta- 
neously monitored.  Thus, phenotypically silent DNA 
does not seem to exist in A. vinelandii, unless it is 
maintained in a modified state that does not allow 
standard (NaCl + NaOH) DNA denaturation. 
Other tentative explanations seem even more un- 
likely. One might conceive an odd, budding-like 
mechanism for  chromosome  segregation,  generating 
haploid cells that would later increase their  chromo- 
some number  up  to >40 copies. However, the absence 
of mixed colonies among the segregants obtained 
without selection argues against this hypothesis. The 
possibility that  extrachromosomal  genetic  information 
might  account  for the excess DNA seems also unlikely, 
because bacterial plasmids usually represent a minor 
fraction of the DNA content  per cell (GRINSTED and 
BENNETT 1988). Actually, indigenous plasmids have 
been  described in certain  strains of A.  vinelandii 
(MAIA, SANCHEZ and VELA 1988), but the standard 
strain UW used in our studies is plasmid-free (KEN- 
NEDY and TOUKDARIAN 1987). Even more  surprising 
would be the presence of introns or any other type of 
noncoding sequences. Actually, a number of chro- 
mosomal regions of A.  vinelandii have been sequenced 
(RAINA et al .  1988; BENNETT, JACOBSON and DEAN 
1988; MORGAN, LUNDELL  and BURGESS 1988; TOUK- 
DARIAN et al. 1990); their gene arrays are typically 
prokaryotic and do not show any intervening se- 
quences  that  might  account  for  the excess DNA. On 
the  other  hand,  the possibility that  the A.  vinelandii 
genome might contain  repetitive, satellite-like DNA is 
ruled  out by the complexity studies of SADOFF, SHIMEL 
and ELLIS (1979) which showed that  the A. vinelandii 
genome is only made of unique sequences. The gene 
dosage studies described in this paper strongly support 
the previous findings of CONTRERAS and CASADESUS 
(1 987)  that A.  vinelandii does not exhibit  the segrega- 
tion pattern expected of a polwloid bacterium. Thus, 
these results provide  a  direct challenge to  the hypoth- 
esis that A. vinelandii has a highly reiterated  number 
of independently  segregating chromosomes. 
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